oriented attachment crystal growth from a kinetic point of view and provide quantitative methodology to rationally design an oriented attachment system with preevaluated crystal growth parameters.
Introduction
The oriented attachment (OA) is a typical 'match and dock' growth mechanism of nanocrystals (NCs). 1 In recent years, the OA growth has shown great potential in controlling and designing materials of various nanostructures including zerodimensional (0D) nanoparticles (NPs), one dimensional (1D) nanorods (NRs)
/nanowires (NWs), two dimensional (2D) nanosheets (NSs) and macroscopic objects.
The typical examples reported since 2010 are given in Table 1 . In addition, several insightful reviews have also been published recently in this area. [2] [3] [4] [5] For examples reported before 2010, one can refer to ref. [4] [5] . Efforts are not only centered on the development of novel OA structures of various materials and their functional
properties, but are also centered on the comprehensive insight of the mechanism and kinetics; the efforts seek to understand the fundamental scientific basis associated with the dynamic OA growth. Many efforts have been executed to develop OA kinetic models from a statistical point of view. Typical strategies include fitting the size evolution of NPs as the OA growth proceeds, treating NPs as 'molecules' and assuming the OA growth is driven via collision and reaction of molecules. These models range from simple dimer formation models, which are mathematically simple and easy to manipulate, to data sets tracking primarily on particle concentration, to polymerization models describing the number of primary particles per secondary particle, to population balance models employing Derjaguin-Landau-VerweyOverbeek (DLVO) theory which predicts the size distribution of secondary particles, and then to the effects of suspension conditions on the kinetics of oriented aggregation. However, these statistical models cannot explain what the driving force of the OA is, how NPs attach to each other or why the resulted shapes of materials are formed. To answer these fundamental questions, one must take a different approach to understand the ordered assembly of OA NPs. The 0D, 1D, 2D, 3D morphologies achieved via OA can be described by non-covalent interactions between different assembly objects (NPs, NRs or other complex aggregations), including the van der
Waals interactions (vdW), Coulombic interaction (CI), and dipolar interaction (DI).
These interactions, which are typically in the range of 0-10 k B T, are much weaker than the interaction of covalent bonds (ca. 100-150 k B T). OA growth kinetics can be built via the study of these interactions. The recently-derived analytical expressions of vdW and CI allow one to evaluate the correlation between the kinetics of OA NRs and the important growth parameters including the NP-NR separation, the diameter of NPs and the aspect ratio (AR) of the growing NR. In this review, the interactions between colloidal NCs based on the classical DLVO theory are first introduced. Due to the drawback of analyzing the dynamic growth process of anisotropic OA NCs via the DLVO, an improved model for OA NRs is then highlighted. The overview on the simulations at the atomic level follows that focuses on the origin of these interactions and building the connection of the interactions with various materials and crystal structures. In the end, in-situ experimental observation techniques which provide direct evidence for the interactions and their roles in the assembly of OA NPs, are discussed. In short, the review looks into the thermodynamic origin of the OA growth by overviewing the recent study of the OA growth kinetics. The review seeks to improve our understanding of the OA crystal growth mechanism and facilitate the design of the growth of OA nanomaterials with desirable morphologies and properties. CdSe  dendrites  23  2011  Fei  BiFeO3  pills and rods  24  2011  He  EuS  nanoclusters, nanorods  25  2011  Huang  ZnO  nanorods  26  2011  Jin  PbS  nanorods  27  2011  Koziej  MoO2  nanorods  28  2011  Krishnadas  Ni  nanowires  29  2011  Li  V2O5  ultra-long nanobelts  30  2011  Li  CdS  nanorods  31  2011  Lin  BN  hexagonal nanocrystals  32  2011  Liu  ZnO  3D mesoporous ellipsoids  33  2011  Moreira  BaZrO3  3D deca-octahedronal architecture  34  2011  Sliem  PbSe  nanocubes  35  2011  Stroppa  SnO2  nanoparticles with elongated  shape   36   2011  Taniguchi  CeO2  nanocubes  37  2011  Tian  GdF3  nanowires  38  2011  Vaughn  SnSe  nanosheets  39  2011  Wang  Bi2Te3  nanowires  40,41  2011  Wang  Cu7Te4  sheet-like particles  42  2011  Wang  Sb2O3  nanorod-bundles  43  2011  Yella  WO3  asymmetric nanobrushes  44  2011  Yin  BaWO4  shuttle-like, 2. OA growth kinetics
Roles of vdW and CI interactions in a colloidal system-the DLVO theory
The DVLO theory assumes that the interaction potential energy (E DLVO ) for two spherical particles of the same size separated by a distance h (the shortest distance between two spherical particles, each having a radius of a and a center-to-center distance of r, and h = r -2a) is the sum of the repulsive electrostatic energy of the electric double layers (E EDL ) and the attractive vdW energy (E vdW ) of attraction between adjacent particles, which is given in Eq. 1.
The derivation of E EDL and E vdW between two colloidal NPs can be found in the literature. [72] [73] [74] The interaction potential for two colloidal NPs versus their separation can be plotted, as shown in Figure 1 . The energy barrier or the activation energy (E a ) of the 'attachment' reaction between two particles can be obtained based on the difference between the maximum and the minimum of E DLVO which is a function of inter-particle separation. With the calculated values of these interactions and E a , the kinetic constant of the OA growth can be directly determined via the famous 6 Arrhenius equation, as given in Eq. 2. The DLVO theory accounts for the effects of ionic strength, pH, surface potential, Hamaker coefficient and dielectric constant. However, additional forces besides the DLVO construction, such as H-bonding, steric force and hydration force, have also been reported to affect the colloid stability. 75 DLVO is not effective in describing the correlation between the formation of colloidal crystals and the atomic structure of the crystal surface. 76 Further, the dynamic size change of OA crystals with non-spherical shapes cannot be investigated by the DLVO model.
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A model for growing OA NR: roles of vdW and CI
To develop a model that works with anisotropic OA crystals can provide more insightful information about the OA mechanism. To study the OA mechanism, a portion of such work has been done by constructing analytical models. 77 The theoretical construction of 1D OA nanostructures largely facilitates the understanding Reproduced from ref. [77] with permission from The Royal Society of Chemistry.
vdW interaction
The analytical expression of the vdW interaction between an attaching NP and a growing 1D nanostructure was derived. 78 In the derivation, aspect ratio was introduced to evaluate the vdW during the entire dynamic growth of OA NRs. 78 The derivation was based on the Hamaker's particle-particle model and was adopted as the platform to explore the role of the vdW interaction in the formation of 1D OA NRs from NP precursors. The vdW interaction between two spherical particles is given by Eq. 3,
where v 1 and v 2 are the respective volumes of the two particles, r is the distance between the two particles, q is the atomic concentration of the particles, and λ is the vdW constant. A two-step integration approach was adopted in the derivation. First, the vdW between the entire cylinder and a single point within the sphere was calculated. Second, this solution was used as the basis to integrate over the entire sphere, yielding the vdW between the two objects. Through the vdW expression, the correlation between vdW and the important growth parameters including the dimension and separation of NP and NR, the Hamaker constant and the attachment orientation, was evaluated, as shown in Figure 3 . To evaluate the critical separation at which the vdW interaction between the NP and the NR is negligible, the critical center-center separation (C c , indicated by the vertical dotted line in Figure 3A ) and 
Coulombic interaction
In a colloidal system, strongly-charged surface surfactants hinder the Ostwald ripening (OR) growth at the initial stage to promote the OA growth, and thus they are frequently employed to facilitate the successful synthesis of various well-defined 1D, 
where σ is the surface charge density of the NP and the NR, r is the radius of the NP and the NR, l is the length of the NR, c is the NP-NR separation, ε is the dielectric constant of the medium and
The surface charge density and the dielectric constant are related to the nature of the materials to be synthesized, the concentration of the NP precursor, the surfactant used to control the growth direction, and the nature of the solvents. The increase of AR describes the dynamic growth process of the NR, this simple analytical form of CI provides an efficient platform for the evaluation of CI in a variety of OA growth systems. For instance, the long-range feature of the CI interaction (see Figure 3A and Figure 4 ) indicates that a medium with a higher precursor concentration and with a higher temperature is favorable to obtain small particle separation and facilitates the fast growth of OA NRs. The evaluation of CI versus AR shows that CI gets saturated when AR reaches a certain value, which indicates that the OA growth is inhibited when the NRs grow to a certain large length. This statement is confirmed by the longexisting challenge of synthesizing OA NRs or NWs with high ARs in experiments. Figure 5A shows that CI decreases gradually as the temperature increases, which suggests that increasing the temperature can reduce the energy barrier of an OA growth. 79 The decrease of CI with the increase of temperature is abrupt for NRs with large ARs, indicating that the formation of long OA NRs at high temperatures is more
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thermodynamically favorable compared to short NRs. This finding is consistent with our previous experimental observation of the long EuS NRs at high temperatures. 25 The increase of CI with increasing surface charge density of NRs and the more abrupt such trend for long OA NRs, as shown in Figure 5B , suggest too large a charge density is detrimental to the growth of long/ultra-long OA NRs. Suitable ligands should be employed to control the charge density at a proper level while maintaining sufficient stability in the OA growth of long NRs. Due to the high efficiency of the model and the analytical interaction expressions for evaluating the growth of OA NRs, this model was employed to evaluate the growth of OA nanotubes, 80 which was recently observed in experiment. 81 A 3D demonstration of two NPs attaching to the two ends of a growing NT is shown in Figure 6 . The derivation of the CI expression is similar to the derivation of the expression between a NP and a NR. The detailed expression of CI between a NP and a NT can be found in ref. [80] . r 0 is the radius of the NP, and r 1 and r 2 represent the radii of outer and inner radii of the NT, c is the separation between the NT and the NP, and
l represents the length of the NT. Fusion between NPs is another phenomenon that might be related to the aforementioned three types of interactions between NPs. Schapotschnikow et al.
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found that two uncapped nanocrystals can fuse via direct surface attachment when they are placed close, regardless of their initial configuration, as shown in Figure 11 . 86 The fusion between two misaligned NCs can be divided into two stages. First, the two NCs adjust their orientations to bring their edges into contact. Second, the two NCs continue to adjust their orientations to close the gap. They also stated that the interparticle dipolar interaction plays an insignificant role in OA growth. DI will be discussed in detail in a later section. and they provided the direct evidence that the OA growth of crystals is governed by strong direction-specific interactions. 87 A typical dynamic attachment process is shown in Figure 12 . Figure 12A -G shows that the particles undergo continuous rotation and interaction, and repeatedly touch each other until the attachment is completed when they share the same crystallographic orientation or their orientations are twin-related, as shown in Figure 12H . Careful analysis of the motion behavior reveals that vdW interaction between two NPs provides preliminary attraction to make the assembly of the two NPs. The two NPs remain separated by nanoscale distances until a proper lattice configuration is established under the decreased energetic barrier due to the change in the Coulombic interaction. To illustrate CI more specifically, the electrostatic repulsion arises from surface cation-cation and anionanion interactions as the lattices are mismatched, whereas the electrostatic attraction arises from cation-anion interactions in the ionic crystal. in Figure 13A , the velocity of a spherical NP can be measured as it approaches another spherical NP or a NP chain ( Figure 13B ). The corresponding forces
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Nanoscale Accepted Manuscript associated with these velocities were then calculated and shown in Figure 13B . It indicates that NP movements are random when the NP is above a critical distance from the receiving NP or NP chain. When the NP approaches a spherical NP or a NP chain smaller than a critical distance, the NP experiences a drift velocity, which increases with decreasing distance. The drift velocity increases abruptly at very close distances, indicating the strong attractive forces in short distances. Combining with the preferred attachment of a NP to the two ends of NP chains, they ascribed these phenomena to the anisotropic electrostatic dipolar interactions, which can be generated by particle faceting or surfactants on the NP surface to facilitate the formation of certain patterns. DI between NPs or NP chains is then calculated, which is shown in Figure 13C . Compared with NP-NP interaction, the NP-NP chain interaction is strongly anisotropic, favoring the attachment at the end of the NP chain over the attachment in the middle of the NP chain. The observations and the calculations confirm the dominance of the electrostatic dipolar interactions. show that DI might be non-prominent in NP-NP interactions at the initial stage of OA growth. 83, 94 We next take the OA growth of a 1D NR as an example to elucidate the roles of DI in OA growth. The OA growth of NCs has been verified by the above observations to experience multi-step growth processes. In addition, the multi-step growth processes not only occur between two monomer precursors but also occur between secondary particles. Therefore, we can divide the growth of the 1D NR into three sequential stages: fusion of two NPs (NP-NP growth) at the initial stage, oriented attachment of more NPs onto the two end sides of the NR (NR-NP growth), and finally the possible fusion between NRs (NR-NR growth).
If we assume that an OA reaction only involves primary NP monomers (NP-NP growth), its kinetic model can be described by Eq.6,
where d 0 is the diameter of precursor NCs, d t is the diameter of NCs at time t, and k is the reaction constant. Since OA is typically a thermodynamically metastable state lying between the nucleation stage and OR growth stage, the OR process cannot be ignored and should be distinguished from the OA mechanism. The classic OR kinetics has been well established and can be described by Eq. 7,
EuS clusters were synthesized through the OA mechanism by thermally annealing 2.5 nm EuS NCs (d 0 =2.5 nm) ligated with oleate. 25 As shown in the TEM images of which results in a relatively low ligand concentration and then the formation of dumbbell structures ( Figure 15B ) and chains ( Figure 15C ). The OA growth mechanism governs the reaction at relatively low reaction temperatures. At higher temperatures, the increased thermal momentum of the NCs causes the ligands on EuS
NCs to change from oleate to oleylamine, as confirmed by the FT-IR results. Larger aggregations are then formed, as shown in Figure 15D . d t is equal to 3.1 nm as the growth time is 180 min. By analyzing the growth kinetics using Eq. 6 and Eq. 7, it is found that OA governs the growth process since the monotonous increase in d t predicted according to Eq. 7 is not observed in the experiment. This result verifies that the growth is mainly NP-NP OA growth. Figure 15E shows the characteristic TEM image of the system at 340 °C, which exhibits some NRs in the NC aggregations. The diameters of both the NRs and the NCs are approximately 7.5 nm at t =180 min.
Further kinetic analysis via Eq. 6 and Eq. 7 shows that both the OR mechanism and the single step OA model (Eq. 6) cannot explain the experiment result. A two-step OA reaction mechanism was then found to work well, indicating that a multi-level OA mechanism dominates the reaction at high temperatures. In other words, NR-NP growth must happen. EuS NRs with an aspect ratio ~ 15 were synthesized. Such a long NR growth must have a very high activation energy due to the decreased surface In the OA NR-NP growth, which may be a dominant growth type in the growth of OA NRs, the significance of DI is evidenced by the in-situ HR-TEM observations shown in Figure 13 10 A multi-step kinetic model was employed to study the attachment between two NRs as shown in Figure 18A . Further, a multistep population balance model was employed as described in Eq. 8, (8) where N k is the concentration of A k (k-mers), K ij is the rate constants for the reaction between of A i and A j . The TEM results show that no NRs are longer than the length of a tetramer (N k = 0 when k > 4), and thus no attachment occurs between two dimers (K 22 = 0). Then we have Eq. 9.
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These equations are too complex to be solved analytically, but can be solved numerically by the dataset fitting of the concentration time differentials using the concentrations as independent variables. With N k set as integers, the values of K 1j (1 ≤ j ≤ 3) at different temperatures were obtained by fitting the experimental data. The activation energy and Arrhenius frequency factor are then solved from the Arrhenius plots. The plots of E a and lnA versus rod AR are shown in Figure 18B . Gunning et al.
further explained why the OA growth of too short a NR or too long a NR cannot occur (as shown in the shadow area in Figure 18B ) by analyzing the factors at the two stages of the OA growth: alignment and fusion. The alignment stage is dominated by the frequency factor, which was assumed in the study to be dependent on the dipole moment. The electrical dipole interaction (E DI ) was estimated to be proportional to the average length of the NR (݈ ̅ ) as shown in Eq. 10.
This equation demonstrates that the E DI associated with NRs is the driving force for the ordered 1D alignment of NRs. The electrical dipole interaction determines the Arrhenius frequency factor and is dependent on the NR length for a given material.
E DI and A increase as the length of NR increases as confirmed by the blue curve shown in Figure 18B . When the NRs are too short, no attachment occurs owing to ineffective alignment, which is marked by the lower hatched area in Figure 18B . For too long a NR, the fusion surface energy is decreased, which then leads to the sharp increase in the activation energy of the OA growth (the orange curve in Figure 18B) as well as Reproduced from ref. [10] with permission from the PCCP Owner Societies.
The dipole-induced electrostatic interaction can drive the OA process and the selfassembly even in more complex 2D or 3D mesocrystals besides 1D NRs. Liu et al.
synthesized the nanobelt-based, core-shell ZnO apple-like microspheres as shown in Figure 19A -B. 98 The ZnO microsphere assembly is formed from 2D nanoplatelets, driven by the intrinsic dipole field arising from the anisotropic adsorption of surfactants on the (0001) facet of the ZnO crystal. The dipole-directed growth model is shown in Figure 19C . First, the hexagonal nanoplatelets are formed under the selective adsorption of the negatively charged polymer which contains Zn Figure 19D , the synergistic generated electric field, the electrostatic potential in the core, and the dipoles of the nanoplatelets in the shell, as shown in Figure 19E , further confirm that the dipole-field-driven mechanism induces the formation of the apple-like structures. This example suggests that upon controlling DI between the attaching NPs, OA might be employed to synthesize various 3D
nanostructures. 
Summary and outlook
This review summarizes the OA growth kinetics from an energy point of view, with the aim of understanding the underlining energetic interactions in the OA crystal growth and the correlation between the kinetic processes with the resulted Undoubtedly, the OA crystal growth has developed into a fundamental materials field and the rapid progress in both theories and experiments is expected to occur in the years to come. Further studies of inter-particle interactions in various experimental conditions, such as advanced in-situ HR-TEM technique and computer simulation via more practical models, will improve our understanding on the OA growth mechanism and enable the rational design of materials with novel structures, properties and application potentials.
